High-brightness X-ray radiation produced by third-generation synchrotron light sources (TGLS) has been used for numerous time-resolved investigations in many different scientific fields. The typical time duration of X-ray pulses delivered by these large-scale machines is about 50-100 ps. A growing number of time-resolved studies would benefit from X-ray pulses with two or three orders of magnitude shorter duration. Here, techniques explored in the past for shorter X-ray pulse emission at TGLS are reviewed and the perspective towards the realisation of picosecond and sub-picosecond X-ray pulses are discussed.
Introduction
Characteristic time scales of numerous physical elementary processes, including bond stretching, electronic charge transfer, crystal lattice vibration and electron-phonon interaction are in the range $ 0.01-1 ps. Experimental observation of those processes requires time-resolved techniques with a sub-picosecond resolution. This time resolution can be routinely achieved with pump-probe techniques by means of femtosecond pulses in the optical regime, and a large amount of ultrafast dynamics have been studied this way during the last 30 years (see, for example, the proceedings of the International Conference on Ultrafast Phenomena I-XIX). Such investigations have gained even more in importance with the advent of ultrashort sources in the hard X-ray range since the (sub-) picosecond X-ray pulses offer in addition an excellent spatial resolution down to atomic resolution. In the last two or three decades X-ray synchrotron facilities have become important workhorses for time-resolved investigation with close to atomic resolution and ideas to push their performance towards shorter and shorter X-ray pulses have been raised starting about 20 years ago.
Modern electron accelerator-based X-ray facilities at the large scale can be divided into third-and fourth-generation light sources (Mobilio et al., 2015) . The third-generation synchrotron light sources (TGLS) provide X-ray radiation emitted by electron bunches traveling at relativistic speed through insertion devices like wigglers and undulators placed in a storage ring. These facilities aim at high repetitive probing of ultrafast processes at hundreds of MHz repetition rate and support synchronous data acquisition at the numerous endstations attached to the storage ring. Presently there are about 50 TGLS 1 worldwide in service, each of them with up to 50 beamlines. Thereby the global community of synchrotron À1 ], wavelength-tunable pulses in the soft and hard X-ray range with typical durations of 50-100 ps.
In view of the limited brightness and the still relatively long pulse duration available at TGLS, the technology has advanced meanwhile towards X-ray free-electron lasers (FELs), the fourth-generation light sources. Thanks to a highenergy (GeV) electron linear accelerator followed by a significantly extended undulator section, these FELs provide X-ray pulses with much shorter pulse duration ('1-100 fs) at much higher peak brightness [up ] compared with TGLS. Presently there are two hard X-ray FELs in operation worldwide, one in the USA (LCLS) and one in Japan (SACLA), as well as two soft X-ray FELs [Germany (FLASH) and Italy (FERMI@Elettra)]. Several other hard X-ray facilities are under construction such as SwissFEL (Switzerland), the European XFEL (Germany) and PAL-FEL (South Korea). Due to the limited number of running FELs the large demand for beam time can hardly ever be fully covered. Different to TGLS the FEL X-ray beam is allocated to one single experiment at a time and the FEL repetition rate is significantly lower (typically 10-100 Hz). Practically this leads to the implication that a significant number of investigations foreseen at FELs perform pilot studies at high-repetition-rate TGLS prior to FEL beam times. In this view TGLS running with pulse durations similar to a FEL would be particularly beneficial but also other X-ray studies employing time-domain spectroscopy would profit from such developments at TGLS. We mention that a large class of time-resolved experiments in principle do not need the ultrashort (< 50 fs) bright X-ray pulses provided by FELs but could deal with somewhat longer ($ 0.1-10 ps) pulses. Bridging this gap between TGLS and FELs includes developments towards brighter and shorter TGLS X-ray pulses with enhanced coherence. This will open novel science opportunities as these sources will be complementary to the presently available large-scale facilities.
In this paper we review the existing techniques for picosecond and sub-picosecond X-ray pulse generation at TGLS and discuss concepts and ideas which could potentially be used for this purpose. The manuscript is organized as follows. In x2 the laser-based slicing method is reviewed. x3 describes briefly the formation of picosecond X-ray pulses from TGLS operating in the lowalpha mode and will describe other trends to improve TGLS coherence and pulse length properties. In x4 we consider different types of ultrafast Xray switches. x5 reviews some new approaches for efficient compression of X-ray pulses while x6 gives an outlook on future use of TGLS in the era of FELs. While the methods presented in x2 and x3 rely mainly on shaping the electron beam before sending it through a radiative element, the methods discussed in x4 and x5 aim at manipulating the X-ray pulse shape directly.
Laser slicing method
In 1996, A. A. Zholents and M. S. Zolotorev proposed the use of interaction of femtosecond laser pulses with electrons in a storage ring to produce femtosecond X-ray pulses of synchrotron radiation (Zholents & Zolotorev, 1996) . The interaction of electrons with the intense laser pulse ($ 1-2 mJ, 50-100 fs, 1-6 kHz) takes place in a wiggler structure (Fig. 1 ) and leads to a modulation of electron energy within a thin slice of the electron bunch. The modulation of electron energy leads to a spatial separation from the main bunch by means of a bending magnet in the storage ring and is then used to generate femtosecond X-rays at another bending magnet (or wiggler). The background contribution from the remaining electrons in the long bunch can be reduced by placing an aperture at an image plane of the source (created by the beamline optics) to select only the short X-ray pulses originating from the sliced electrons. This radiation has approximately the same duration as the femtosecond laser pulse. The generation of femtosecond pulses of synchrotron radiation by this technique was first demonstrated at the Advanced Light Source (ALS) of Lawrence Berkeley National Laboratory in the USA (Schoenlein et al., 2000) . The concept of slicing provides femtosecond X-ray pulses which are naturally synchronized to the optical laser. The scheme offers thus great opportunities for ultrafast optical pump/X-ray probe experiments as the intrinsic jitter between the X-ray and optical pulse is a small fraction of the pulse duration.
Direct measurement of the femtosecond hard X-ray pulses from a slicing source has been difficult in the past as a promising technique based on laser-streaking has only been developed recently for hard X-rays (Frü hling et al., 2009; Juranić et al., 2014) . Alternatively, cross-correlation measurements have been performed between an optical 50 fs laser pulse and visible ($ 2 eV) synchrotron pulse generated by the laser slicing technique and the results are shown in Fig. 2 . Visible synchrotron radiation is employed as the time structure of the electron bunch spontaneous emission is invariant over its entire frequency spectrum. According to these measurements the synchrotron pulse has a duration of about 150 fs. It was assumed that the X-ray pulse duration is approximately equal to the pulse duration of the optical femtosecond laser pulse.
Apart from at the ALS the slicing technique has been successfully implemented at storage-ring-based synchrotron radiation sources in Germany (BESSY II; Khan et al., 2006) and Switzerland (SLS) and will be soon operational at the synchrotron radiation facility Soleil in France. The laser slicing facility at BESSY II provides $ 100 fs soft X-ray pulses in the range 250-1400 eV with an average flux of $ 10 6 photons s
À1
(0.1% bandwidth) À1 (Holldack et al., 2014) . The first tunable femtosecond hard (2.5-1 Å ) X-ray source was demonstrated at the Paul Scherrer Institute (Switzerland) in 2007 and provides up to 8 Â 10 5 photons s À1 in a 1.2% bandwidth (Beaud et al., 2007) . Femtosecond X-ray pulses obtained by this technique were used in a number of time-resolved studies, for example for the observation of the coherent phononpolaritons in ferroelectric lithium tantalite crystal (Cavalleri et al., 2006) , coherent phonons in bismuth (Johnson et al., 2008) , light-induced spin crossover dynamics in an iron(II) complex (Bressler et al., 2009) , ultrafast spin and demagnetization dynamics (Bergead et al., 2014; Eschenlohr et al., 2013; Wietstruk et al., 2011; Radu et al., 2011; Boeglin et al., 2010; Stamm et al., 2007) and many more (Huse et al., 2011; Rettig et al., 2015; Mariager et al., 2014) .
Application of the laser slicing technique results in a dramatic reduction (by a factor of 10 8 ) of the average X-ray source brightness compared with the normal TGLS operation mode. This mainly happens because only a small fraction of the bunch electrons participate in the generation of the ultrashort X-ray pulse and due to the repetition rate of the optical slicing laser (1-6 kHz) which is significantly lower than the repetition rate of the synchrotron radiation facility. To overcome this problem, Zholents et al. proposed another technique where pulses of synchrotron radiation much shorter than a picosecond can be obtained without a reduction of the electron bunch length (Zholents et al., 1999) . In their approach the electron bunch is tilted by an RF deflector cavity. Simultaneously the same technique was propsed by Katoh (1999) . In the undulator, each sub-picosecond slice of the electron bunch emits radiation in a solid angle which slightly differs from the neighboring slices. The linear correlation between the longitudinal coordinates of the electrons within the electron bunch and their emitting angle gives rise to an X-ray pulse with a linearly tilted pulse front. A few-picosecond pulse duration can be achieved after the undulator by compensating the pulse front tilt of the emitted X-ray pulse by means of a pair of asymmetrically cut silicon crystals Si(220). Numerical modeling shows that a compression factor of up to 100 is achievable. As the technical implementation in a storage ring seems challenging, an experimental realization of this technique has not been carried out so far.
A recent proposal by He et al. discusses another method to generate ultrashort X-ray pulses based on electron bunch slicing. The main idea is to cross an electron bunch circulating in a synchrotron radiation storage ring with a low-energy 20 MeV electron bunch under a specific angle (He et al., 2014) . During the interaction a short slice of electrons is kicked from the core of the storage ring electron bunch by the Coulomb force. The numerical study predicts the slice to radiate ultrashort 160 fs X-ray pulses when passing through a suitable undulator. By tuning the electron energy and crossing angle, different X-ray pulse properties could be reached. An experimental verification, however, has not yet been performed.
Low-alpha mode and other trends at TGLS
The duration of X-ray pulses generated by TGLS is determined by the electron bunch length in first order. For this reason a natural way to decrease the X-ray pulse duration is to use shorter electron bunches. However, storage of short electron bunches in a ring is challenging because of instabilities arising from bunch-induced wake fields among other reasons (Limborg, 1998) . One way to shorten the electron bunch is by decreasing the momentum compaction factor using low-alpha optics in the storage ring. Generation of subpicosecond electron bunches with a long lifetime by this lowalpha method was first demonstrated at BESSY II in 2002 (Abo-Bakr et al., 2002 . The method goes along with a dramatic reduction in the electron bunch charge and a modified filling pattern, which simultaneously decreases the average current and the X-ray flux at all endstations at the storage ring. Operating TGLS in the low-alpha mode leads in addition to reduced storage ring stability and practically excludes synchronous operation of short-pulse and photondemanding experiments.
The X-ray pulses of 1-10 ps provided by the low-alpha mode are about 20 times longer than those provided by femtoslicing sources (see x2). However, the low-alpha mode has in principle the advantage that the average photon flux and bunch repetition rate (1-500 MHz) are significantly higher than provided by the femto-slicing technique. Several TGLS facilities offer thus the low-alpha mode to users including Soleil (France), BESSY (Germany), SSRL (USA), SLS (Switzerland), DLS (UK) on an irregular base. Due to the time-consuming setting up and the severe impact on photondemanding applications, the operation mode may be limited to Cross-correlation measurement between an optical laser pulse and visible synchrotron radiation generated by the laser slicing technique. From Schoenlein et al. (2000) , reprinted with permission from AAAS. a few days per year. We mention that running the storage ring in the low-alpha mode is in principle favorable for the THz user community as the THz emission by coherent synchrotron radiation is much higher for short picosecond electron bunches (Abo-Bakr et al., 2003; Holldack et al., 2006; Byrd et al., 2006) .
An important trend for future synchrotron sources is to provide variable pulse length at high average beam brilliance and flux. A significant improvement in peak brilliance is expected by employing a superconducting radiofrequency cavity scheme (Huang et al., 2014) . Recently a conceptual design study of a variable pulse length storage ring (VSR) has been presented for the BESSY facility (BESSY VSR). The source shall provide simultaneous operation of long (approximately 15 ps r.m.s.) and short (approximately 1.7 ps r.m.s.) pulses at a flux similar to the standard operation mode of a synchrotron source with a large bunch charge of 640 pC and at the full RF repetition rate (500 MHz). Even shorter pulses (300 fs r.m.s.) shall be provided at a reduced bunch charge (30 pC) (Wuestenfeld et al., 2011) . The availability of such high-flux and picosecond-pulse beams will be beneficial for a large user community as the X-ray source parameters are complementary to what is provided by high-peak-brilliance low-repetition-rate femtosecond free-electron lasers (FELs) and standard synchrotron radiation facilities.
Finally we mention that recent progress in storage ring design will pave the way towards low-emittance synchrotron facilities with increased brightness and coherence properties. Presently several TGLS facilities are realising diffractionlimited storage rings (DLSR) (e.g. MAX-IV) or are considering an upgrade towards DLSR (SLS, ESRF, SPring-8, Soleil, ALS) which will provide an ultimate small transverse emittance. However, while focusing and coherence will be improved, the X-ray pulse duration of DLSR is not expected to be significantly shorter than what is provided by typical third-generation synchrotron sources. Even though the concept of DLSR employing low-dispersive magnetic beam steering may in principle favor short pulse generation, the present designs aim for longer pulses in order to avoid beam instabilities by high impedance issues caused by orbiting short bunches in tight vacuum chambers. Nevertheless, DLSR sources are expected to be highly beneficial for scientific applications like coherent diffractive imaging, ptychography, spectroscopic nanoprobes and others where the ultimate timeresolution is not required. A summary on DLSR designs and potential science applications can be found by Hettel (2014) and Eriksson et al. (2014) , respectively.
X-ray switches
Several types of ultrafast switches have been proposed for shortening the synchrotron X-ray pulse. Compared with the techniques presented above, the X-ray switches act directly on the X-ray pulse rather than the electron bunch. The basic operation principle of an X-ray switch is illustrated in Fig. 3(a) . Most of these switches require near-infrared (NIR) femtosecond laser pulses as a gate which introduces a fast laserinduced change of the X-ray diffraction properties. X-ray and femtosecond NIR laser pulses arrive simultaneously at the switch. Before the femtosecond laser pulse arrives at the switch, no X-ray radiation is transmitted, i.e. the switch is closed. The NIR laser pulse leads to an ultrafast switch opening which allows the X-ray radiation to cross the switch. After that, two scenarios can be realised: the switch closes by itself as soon as femtosecond laser radiation vanishes (Fig. 3a) or a second femtosecond laser pulse closes the switch (Fig. 3b) . Up to now most of the demonstrated and proposed X-ray switches are based on X-ray Bragg diffraction which is modulated by the femtosecond laser pulse; however, some other switching mechanisms can be applied as well.
To the best of our knowledge the first attempt at shortening TGLS X-ray pulses of $ 100 ps was reported in 1998 (Larsson et al., 1998) . In this experiment the X-ray Bragg diffraction from a InSb crystal was modulated by the crystal transient disordering induced by a femtosecond laser pulse. In this way X-ray pulses of about $ 50 ps with short back slopes ($ 1 ps) were deflected in a different solid angle which could be separated from the main pulse. The use of these pulses in time-resolved X-ray diffraction measurements provided a time resolution of less than 2 ps.
In 1999 Bucksbaum and Merlin proposed a scheme based on a phonon Bragg diffraction switch for hard X-ray radiation (Bucksbaum & Merlin, 1999) , where a superlattice of optical phonons is used for deflecting the X-ray pulse. A schematic of their proposed phonon Bragg switch is shown in Fig. 4 . The transient superlattice is generated by two ultrafast laser pulses interfering at the crystal surface. We mention that the authors proposed to apply two pairs of femtosecond laser pulses with a relative delay to each other. The first pair creates the phonon superlattice and the second pair rubs it out in a coherent control way. In a follow-up publication more detailed calculations on the phonon Bragg diffraction switch have been presented (Sheppard et al., 2005) . It was concluded that very large phonon amplitudes are necessary for achieving only a few percent Xray peak reflectivity in the sidebands related to the phonon superlattice. From these numerical studies it was concluded that it is very likely that such large oscillations would result in the crystal melting.
Later, a traveling wave interaction scheme was suggested for the phonon Bragg X-ray switch (Nazarkin et al., 2004) . In this scheme the crystal should be transparent for both X-ray and laser radiation. Due to a long interaction length between the X-ray and laser-induced lattice vibrations this scheme is expected to provide significant increase in the switching efficiency.
A piezoelectric sub-nanosecond switch based on diffraction was reported in 2006 (Grigoriev et al., 2006) . This switch mainly aimed at extracting an individual $ 100 ps X-ray pulse at up to a kHz repetition rate from the MHz pulse train offered by the synchrotron source. The piezoelectric switch consists of a 300 nm-thick film of Pb(Zr,Ti)O 3 , in the tetragonal crystal phase, between 100 nm-thick conducting SrRuO 3 electrodes. The switch was triggered by electrical pulses of 15 V amplitude and 10 ns duration. The (002) Bragg reflection intensity as a function of scattering angle for three different time positions of the electrical pulse relative to the X-ray pulse is shown in Fig. 5 .
The effectiveness of the switch is plotted in Fig. 6 and quantified by the intensity ratio I passing /I blocking between the passing and blocking operation modes. This switch has an opening time of 600 ps, which is about two times longer than the electric pulse slope duration (300 ps). The authors suppose that this is due to a combination of the jitter in the timing circuit and the impedance mismatch between the capacitive load and the coaxial connection between the switch and the pulse generator.
We speculate that a faster switching time could be achieved by using shorter electric pulses. For instance, recent progress in the generation of single-cycle THz pulses allows a peak field strength up to a few MV cm À1 to be obtained with a rise time of about 1 ps (Stepanov et al., 2010) or even shorter (Vicario et al., 2014a (Vicario et al., , 2015 . The electrical field transient of the singlecycle THz pulse could in principle replace the external voltage switch used above. However, determination of the shortest triggering time which can be reached with THz-driven piezoelectric switches requires additional experimental investigations.
Recently, switching of the hard X-ray Bragg reflectivity of a SrRuO 3 /SrTiO 3 superlattice (Herzog et al., 2010) and a SrRuO 3 /SrTiO 3 double layer structure (Gaal et al., 2012;  lead articles J. Synchrotron Rad. (2016). 23, 141-151
Stepanov and Hauri Short X-ray pulses from third-generation light sources 145 Figure 5 The ( The intensity ratio I passing /I blocking between the passing and blocking operation modes. With a response time of less than 1 ns the piezoelectric switch by Grigoriev et al. Schematic of the phonon Bragg switch. G is a reciprocal lattice vector in the crystal; k 1 and k 2 are wavevectors of femtosecond laser pulses creating phonon superlattice with wavevector q. K and K 0 are wavevectors of incident and diffracted X-ray pulses. Reprinted from Bucksbaum & Merlin (1999 ), Copyright (1999 , with permission from Elsevier. Freund & Levine, 1970) excited by femtosecond NIR laser pulse was demonstrated. Absorption of the femtosecond pump pulse in a thin (15 nm) metallic SrRuO 3 layer induced a fast expansion of the layer, which changed the Bragg diffraction intensity. SrTiO 3 layers transparent to NIR laser pulses are mainly applied for providing fast heat flow and return of the SrRuO 3 layers to the initial, not expanded, state. Perfect matching of the acoustic impedances of SrRuO 3 and SrTiO 3 diminishes acoustic wave reflection at the interface.
The SrRuO 3 /SrTiO 3 superlattice switching was tested with the laser slicing beamline of the Swiss Light Source providing X-ray pulses of 140 fs in duration at a photon energy of 5.2 keV and at a mean photon number of 20 photons per X-ray pulse. The experimental results are shown in Figs. 
7(a)-7(d).
Oscillations in Bragg reflectivity [Figs. 7(c)-7(d)] appear due to acoustic phonon wave propagation in the SrRuO 3 / SrTiO 3 superlattice. The oscillations were suppressed in the case of a SrRuO 3 /SrTiO 3 double layer structure (Herzog et al., 2010; Gaal et al., 2012) . This double layer switch was verified with a laser-plasma source of femtosecond hard X-ray pulses with a photon energy of 8.047 kV. Results of these measurements are shown in Fig. 8 .
The switch was tested with an X-ray synchrotron source (ESRF) as well. The maximum diffraction efficiency achieved with this switch is about 10
À3
. The synchrotron probe pulse was shortened to approximately 2 ps.
Shorter X-ray pulses can be obtained by a parametric nonlinear mixing of the X-ray synchrotron and optical waves. X-ray and optical wave nonlinear mixing, specifically sumfrequency generation (SFG), have been considered for a long time (Freund & Levine, 1970) . Recently the first experimental observation of X-ray and optical sum frequency generation was reported (Glover et al., 2012) . A sketch of the experimental layout and main results are summarized in Fig. 9 . The principle has been tested with an 8 kV $ 80 fs X-ray pulse from a FEL together with a 2 ps NIR laser pulse at an intensity of 10 10 W cm À2 using diamond as a nonlinear medium. The measured energy conversion efficiency of 3 Â 10 À7 corresponds to a nonlinear susceptibility of < 1.6 Â 10 À14 e.s.u. From the publication it is not clear whether the efficiency of the sum frequency generation is limited by the absorption of X-ray and optical waves or by the velocity mismatch in the diamond plate. The authors claim that numerical estimations suggest the conversion efficiency to reach up to 10 À3 by overcoming these two obstacles and by optimizing X-ray radiation parameters (divergence and monochromaticity). Such high conversion efficiency would be very promising for an ultrafast X-ray switch. However, to our mind it is not clear how phasematching between X-ray and NIR radiation could be achieved efficiently.
Another nonlinear process which is of potential interest for shaping and switching an X-ray pulse is the electromagnetically induced transparency (EIT). EIT can be illustrated in a Ã-type medium characterized by atomic levels |1i, |2i and |3i with energies E 1 > E 2 > E 3 (Fig. 10 ). In such a medium the resonant absorption on the |3i ! |1i transition can be strongly suppressed by simultaneously irradiating the (0 0 118) and (0 0 116) medium with an intense laser pulse with a photon energy close to the |2i ! |1i transition. The theory behind EIT for creation of an X-ray switch was first described by Buth and co-workers in 2007 (Buth et al., 2007) . The performed numerical studies with Ne gas showed a dramatic change of the photoabsorption cross section in the vicinity of the 1s ! 3p resonance (867.4 eV) upon illumination with a laser pulse at an intensity of 10 13 W cm
À2
. The method is, in principle, suitable for imprinting pulse shapes of the optical dressing pulse onto the X-ray radiation or to slice short X-ray pulses from a longer one. Indeed, Buth and co-workers suggested to generate two ultrashort X-ray pulses by EIT by overlapping a 100 ps-long X-ray pulse with two intense few-ps-long laser pulses in Ne. The time delay between the two X-ray pulses can be controlled by changing the time delay between the two laser dressing pulses. Such a scheme opens an avenue towards ultrafast X-ray pump/X-ray probe experiments.
While an experimental verification at hard X-ray energies has not been performed so far, the concept of EIT has been demonstrated recently in the VUV range by means of a tabletop HHG source. In 2008 an ultrafast variation of the absorption in the XUV range (60.15 eV) was reported based on the EIT of the 1s 2 ! 2s2p transition in He irradiated by intense femtosecond laser pulses (Loh et al., 2008) . The set-up used in those studies and the main results are shown in Figs. 11 and 12, respectively. A few years later, EIT has been transferred to the soft X-ray region and experimental results were obtained using the synchrotron radiation source at ALS (Glover et al., 2010) . Similar to the HHG setup the X-ray and laser NIR pulses copropagated through the neon gas cell (Fig. 13) . In that experiment EIT was employed to characterize the femtosecond X-ray pulses of the ALS slicing source (Glover et al., Stepanov and Hauri Short X-ray pulses from third-generation light sources 147 2010) but X-ray pulse shaping has been proposed to achieve spectral and temporal control by using multiple optical control pulses.
The observed transient increase in transmission by a factor of about 3 at 867.1 eV (Fig. 14) is suitable for an ultrafast X-ray switch. A disadvantage of this approach is the very narrow spectral region of switching (about 0.5 eV). An extension of this technique to the hard X-ray region was suggested by employing rare gas ions (Young et al., 2010a) . This approach, however, requires much higher laser intensity and has not been experimentally demonstrated so far.
The X-ray ultrafast switch comes typically at the cost of a reduction of the X-ray average brightness of the TGLS X-ray source. At best (i.e. perfect switching) the reduction factor is dominantly determined by two factors:
with T L and T e being the laser pulse and electron bunch durations and f L and f B the laser and electron bunch repetition rates, respectively. The same factors describe the reduction of the average brightness in the case of the laser slicing technique. In practice one should expect a stronger demagnification related to switcher 'imperfectness'. Smaller reduction of the X-ray average brightness could be achieved by using a compression of the synchrotron pulse instead of cutting it with an ultrafast switch.
We finally mention that recent technological advances in powerful terahertz sources may open novel opportunities for X-ray switches in the future (Shalaby & Hauri, 2015; Vicario et al., 2014b; Ruchert et al., 2013) . As the field strength of these sources approaches the field strength present in atomic and molecular bindings, it becomes feasible to coherently excite strong linear and nonlinear phonon vibrations in crystals directly by the electric field of the THz pulse (Katayama et al., 2012) . This would result in Bragg diffraction conditions which are modified on the time scale of the THz field oscillation. The coherent lattice excitation could be terminated by means of a second, delayed, THz pulse which carries a 180 phase shift. The expected X-ray pulse duration would be of the order of 0.5-5 ps depending on the applied THz carrier frequency.
X-ray compressors
In view of the quest for bright and short X-ray pulses, a compression technique similar to that routinely employed for optical chirped-pulse amplification laser systems has been used for chirped X-ray pulses. The main idea behind this is to profit from the fact that X-ray pulses from TGLS often carry a longitudinal frequency chirp. This means that the X-ray pulse duration is not as short as it could be according to the time-bandwidth product. X-ray compressors have therefore been proposed and studied in the past to compensate for the residual frequency chirp in order to produce shortest possible X-ray pulses. The chirp Transient absorption spectra measured at different dressing-probe time delays. The static (field-free) absorption spectrum for the 1s 2 ! 2s2p transition is shown in the inset. Reprinted from Loh et al. (2008 ), Copyright (2008 , with permission from Elsevier. The fractional change in X-ray transmission induced by the coupling laser with a peak intensity of 2.5 Â 10 13 W cm À2 in the parallel polarization configuration. The solid line shows theoretical simulations. Reprinted by permission from Macmillan Publishers Ltd: Nature (Glover et al., 2010 ), Copyright (2010 is typically compensated by an assembly of dispersive elements (e.g. gratings) which rearrange all frequency components in time to arrive at once on target.
X-ray switches reviewed in the previous chapter rely on slicing the X-ray pulse. The compression-based technology discussed here employs all photons, and losses are mainly dominated by the diffraction efficiency of the dispersive elements. A first example for X-ray pulse compression was already given in x2 which addressed the orbit deflection technique for sub-ps X-ray pulse generation with tilted pulse fronts (Zholents et al., 1999) . Another compression approach is based on the use of chirped NIR laser pulses with electron beams in order to generate frequency-chirped electron bunches (Hemsing et al., 2014) . The frequency-chirped X-ray pulses generated by these electron bunches can then be compressed in a way similar to that used in chirped pulses amplification of femtosecond laser pulses.
In 2009 the generation of chirped soft X-ray pulses with a tapered undulator and its compression by means of a double grating diffraction was reported (Fujiki et al., 2009) . A schematic of this experiment is shown in Fig. 15 . Successful compression down to 37% of the original pulse duration ($ 100 ps) was achieved. The authors claim that the technique could potentially be used for the generation of even shorter pulses down to the few femtoseconds regime. Practical realisation of this compression approach strongly depends on the efficiency of the compressor dispersive elements (gratings) for X-ray radiation.
Another idea for compressing the $ 100 ps pulses of the TGLS is based on the reflection on a mirror surface moving at a relativistic velocity. In this case the relativistic Doppler effect results in the frequency increase and decrease of the pulse duration by a factor of
where is the mirror velocity and c is the speed of light in a vacuum. A relativistic mirror can be created by propagation of a high-intensity laser pulse in a gas of solid medium which is ionized by the laser. Reflection of electromagnetic waves on a moving ionization front has been discussed for a long time (Lampe et al., 1978) . Recently the first experimental demonstration of dense relativistic electron mirrors created by the interaction of a high-intensity laser pulse with a free-standing nanometer-scale thin foil was reported (Kiefer et al., 2013) . It was shown that reflection on this mirror shifts the frequency of a counter-propagating laser pulse coherently from the infrared to the extreme ultraviolet region. Reflection on a relativistic mirror can be considered as a coherent backward Thomson scattering. Generation of X-ray pulses via scattering of a powerful laser light on a relativistic electron bunch was proposed about 50 years ago (Arutyunian & Tumanian, 1963) . Many experiments have been performed in a counter-propagating beam geometry. In this case the X-ray pulse duration is approximately equal to the duration of the electron bunch. In 1994 a novel geometry was proposed (90 Thomson geometry) (Kim et al., 1994) . In this case the X-ray pulse duration is determined by the transverse rather by the longitudinal electron bunch size. The first experimental demonstration of femtosecond X-ray pulse generation by this technique was in 1996 (Schoenlein et al., 1996) . The main disadvantage of this source is very low brightness ($ 2 Â 10 7 photons mm À2 mrad À2 s À2 in a $ 15% bandwidth). Higher brightness could be achieved via coherent backwards Thomson scattering on a relativistic mirror (Kiefer et al., 2013; Schoenlein et al., 1996) .
TGLS operation in the era of free-electron lasers
With the advent of the intense FEL source the legitimation for continued operation of TGLS X-ray sources could be put into question. From a scientific point of view, however, there exist several reasons why the established X-ray synchrotron facilities are certainly going to maintain a valuable tool for scientists for the years to come. Indeed, a large class of timeresolved experiments do not need the ultrashort (< 50 fs) nor the ultrabright X-ray pulses provided by FELs but can deal with somewhat weaker and longer (0.1-10 ps) pulses. Spacecharge sensitive experiments, for example, require highest possible repetition rate rather than highest possible peak power. Developments towards shorter X-ray pulses from MHz TGLS will therefore be important steps for future cuttingedge science opportunities, as these sources are complementary in pulse duration and repetition rate to the presently available FEL facilities. We are convinced that with the anticipated technological evolutions towards low emittance and shorter pulses the storage-ring-based synchrotrons will enable competitive science also in the future. More than 50 synchrotrons are operated worldwide and offer scientists a large diversity of established X-ray diagnostics at several hundreds of beamlines. We mention that the currently fast progressing laser technology based on OPCPA and fiber technology (Mourou et al., 2013) towards higher average power could help to further increase the performance of the already established slicing technology presented in x2 by increasing the repetition rate to tens of kHz. This will enable significantly faster data acquisition and improved performance of the current slicing sources, which offer virtually jitter-free pump-probe conditions.
The recent advent of high-gain FELs offering femtosecond radiation at unprecedented brilliance has undoubtedly enabled new science (Rohringer et al., 2012; Young et al., 2010b; Chapman et al., 2011) . However, the challenge of the large arrival time jitter present at SASE-FELs is currently a formidable hurdle for reaching the ultimate temporal resolution of these machines. Two different strategies are currently being considered to overcome this limitation. The first one aims at measuring for each X-ray pulse the arrival time in relation to the optical pump pulse (Hartmann et al., 2014; Juranić et al., 2014; Harmand et al., 2013) . This set of information is used to bin the experimental data as a function of the arrival time. The currently most promising technological solutions are based on monitoring ultrafast changes in reflection of the optical pulse in a sample pumped by the X-ray pulse or by streaking photoelectrons produced by the FEL with the optical pump laser (or a sub-harmonic thereof). Both methods have shown their potential to identify the arrival time jitter with an accuracy of approximately 10 fs or less and future progress may lead to a further improvement to a few femtoseconds. The second approach employs an optical laser (or a higher harmonic thereof) as seed for coupling the longitudinal FEL modes coherently during the lasing process (Ackermann et al., 2013; Lambert et al., 2008; Allaria et al., 2012) . Seeding requires a coherent X-ray source which is powerful enough to overcome the SASE noise level by about two orders of magnitude. The seeding concept in the ultraviolet is now routinely used at the FEL user facility in Italy (Fermi@Elettra) where excellent time-of-arrival stability could be demonstrated (Allaria et al., 2012) . But the current challenge, however, is FEL seeding at shorter wavelengths (<<10 nm). At such short wavelengths, state-of-the-art laser sources based on high-order harmonic generation do not presently offer sufficient peak power to overcome the SASE shot noise. Further developments in high peak power HHG sources are thus required for exploring the seeding scheme at wavelengths < 10 nm. While the required powerful laser systems will match the present repetition rate of FELs (10-100 Hz), they will be unable to cope with significantly larger repetition rates in the near future.
Conclusions
Different techniques for X-ray pulse shortening at TGLS have been reviewed. Laser slicing is the most elaborate and established technique for obtaining $ 100 fs X-ray pulses from third-generation synchrotron light sources. Whereas the peak brightnesses of these femtosecond X-ray pulses are significantly lower than what FELs provide, it is the high repetition rate (kHz), the intrinsically low timing jitter and accessibility which maintains the source attractive for users also in the future. Several types of X-ray switches were proposed for shortening X-ray pulses from TGLS. Until now only one type of ultrafast X-ray switch was tested experimentally at a TGLS, based on dynamics of coherent acoustic phonons in a photoexcited thin film. Estimations indicate that even an 'ideal' X-ray switch hardly surpasses the performance of the laser slicing technique in view of average and peak brightness. Subpicosecond X-ray pulses with higher brightness could be achieved by means of a temporal compression of TGLS X-ray pulses. However, an experimental realisation of X-ray pulse temporal compression still needs to be experimentally demonstrated. Elaborating pulse compression schemes at TGLS also in the future is justified by the large user community and the trend towards shorter pulses while maintaining the high (MHz) repetition rate offered by these largescale facilities. Such schemes are expected to bridge the gap between X-ray pulse characteristics provided by standard TGLS (30-100 ps) and FELs (1-100 fs) which will enable new science opportunities in the future.
